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It has been suggested that lipids translocate between the outer and inner leaﬂets of fusing mem-
branes, or ﬂip–ﬂop, to facilitate changes in bilayer leaﬂet areas at various stages of fusion. Here,
we investigated the lipid ﬂip activity of synthetic peptides that mimic SNARE transmembrane
domains (TMDs). These peptides indeed induce ﬂip of marker lipids. However, mutations that
reduce ﬂip activity do not diminish fusogenicity and cholesterol blocks ﬂip much more efﬁciently
than fusion. Therefore, our data do not support a role for ﬂip in membrane fusion. On the other
hand, the ability of SNARE TMDs to catalyze ﬂip is consistent with a role of SNAREs in biogenic lipid
ﬂip.
 2011 Published by Elsevier B.V. on behalf of the Federation of European Biochemical Societies.1. Introduction
Biological membrane fusion is central to cellular secretion and
endocytosis, infection of eukaryotic host cells by enveloped
viruses, cell–cell fusion, etc. [1–4]. Fusion is thought to proceed
in two sequential steps [5,6]. In the ﬁrst step, merger of the
contacting outer leaﬂet (OL) results in a stalk intermediate that
proceeds to a hemifusion diaphragm being contiguous with the
inner leaﬂet (IL). In the second step, rupture of the hemifusion
diaphragm produces a fusion pore followed by retraction of the
hemifusion diaphragm and IL mixing to the fully fused state
(Fig. 1A) [7]. Intracellular fusion along the secretary pathway is dri-
ven by soluble N-ethylmaleimide-sensitive factor (NSF) attach-
ment protein receptors (SNAREs) [1,8]. The fusogenic function of
SNAREs depends on their ability to bring cognate membranes into
contact via interaction of their soluble coiled coil domains but also
depends on their single transmembrane domains (TMDs) [2].on behalf of the Federation of Euro
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).SNARE-mediated fusion has been reconstituted in vitro with puri-
ﬁed recombinant proteins inserted into liposomal membranes [9].
Further, synthetic peptides mimicking SNARE TMDs induce lipo-
some–liposome fusion. Insertion of SNARE TMDs is thought to
destabilize the membrane thus increasing the probability by which
random liposome collision turns into a fusion event. Although
TMD-driven fusion is unregulated it qualiﬁes TMDs as autonomous
functional domains [10,11].
Membrane fusion has previously been proposed to require
transbilayer movement of phospholipids, termed lipid ﬂip–ﬂop.
In general, OL to IL movement of lipids, i.e. lipid ﬂip, could compen-
sate the decreasing ratio of OL to IL areas after fusion of smaller to
larger liposomes. In addition, lipid ﬂip could transfer the lipid re-
quired for formation of an extended hemifusion intermediate.
Thus, the rate of the stalk-to-hemifusion transition could depend
on the ability of SNAREs to catalyze lipid ﬂip. This hypothetical
requirement for lipid ﬂip is supported by molecular dynamics sim-
ulations of fusing liposomes containing a simpliﬁed model ﬂippase
[12]. Conversely, retraction of the hemifusion diaphragm after fu-
sion pore formation may require lipid translocation from the IL
to the OL, i.e. lipid ﬂop (Fig. 1A). Experimentally, lipids have indeed
been found to redistribute from the OL to the IL of liposomes that
fused after addition of polyethylene glycol [13]. This resulted in a
net movement of lipids toward the IL at a rate that clustered with
the rates of IL fusion and contents mixing [14]. Whether lipid ﬂip–
ﬂop is relevant for protein-driven fusion reactions is currently not
known, however.pean Biochemical Societies.
Fig. 1. (A) Lipid topology in liposome fusion. The simpliﬁed schematic depicts the
hypothetical lipid arrangements along the reaction pathway from unfused lipo-
somes via the stalk and hemifusion intermediates to complete lipid mixing. Curved
arrows signify the hypothetical lipid ﬂip during expansion of the hemifusion
diaphragm. (B) Sequences of TMD-peptides used in this study. The hydrophobic
SNARE TMD sequences are ﬂanked by Lys and a Trp is added for quantiﬁcation of
peptides.
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ing the TMDs of the presynaptic SNAREs synaptobrevin 2 and syn-
taxin 1a. We ﬁnd that SNARE TMDs indeed drive lipid ﬂip. In order
to assess the potential relevance of ﬂip for fusion we investigated
whether ﬂip activity of mutant TMDs correlates with their fusoge-
nicity and whether cholesterol affects ﬂip and fusion in the same
way.
2. Materials and methods
2.1. Peptide synthesis
Peptides were synthesized by Fmoc chemistry (PSL, Heidelberg,
Germany) and were >90% pure as judged by mass spectrometry.
Concentrations were determined via tryptophan absorbance using
an extinction coefﬁcient of 5600 M1 cm1.
2.2. Preparation of liposomes
Liposomes (ﬁnal lipid concentration 3 mM) were made by mix-
tures of egg phosphatidylcholine (eggPC), di-oleoyl-phosphatidyl-
ethanolamine (DOPE) and di-oleoyl-phosphatidylserine (DOPS) at
a ratio of 3:1:1. Cholesterol was added in some experiments. Lipid
solutions in cyclohexane, with or without peptides dissolved in tri-
ﬂuoroethanol, were sonicated for 30 s and immediately frozen at
80 C followed by lyophilizing over night. The dried mixture
was than rehydrated and sonicated [15] in 50 mM Tris/HCl, pH
7.4, 150 mM NaCl, 0.1 mM EDTA or 20 mM Na-citrate, pH 4.2,
150 mM NaCl, 0.1 mM EDTA for fusion assays and ﬂip assays. Pep-
tide concentrations and peptide/lipid (P/L)-ratios were determined
as described [15].
2.3. Liposome fusion
Liposomes with or without integrated peptides were prepared
as described. Donor liposomes contained 0.8 mol% (w/w) of N-(7-
nitro-2-1,3-benzoxadiazol-4-yl)hexadecylphosphatidyl-ethanol-
amine (NBD-PE) and N-(lissamine rhodamine B sulfonyl)
hexadecylphosphatidyl-ethanolamine (Rh-PE) (Molecular Probes).
Liposome fusion was determined using a well-established ﬂuores-
cence dequenching assay upon rapidly shifting the temperature to
37 C as described [15].
2.4. Flip assay
Liposomes with or without integrated peptides were prepared
as described. For OL plus IL labeling, liposomes were made byadding 0.1 mol% of either 1-palmitoyl-2-{6-[(7-nitro-2-1,3-ben-
zoxadiazol-4-yl)amino]hexanoyl}-sn-glycero-3-(C6NBD)-PC,-PS or
-PE to the lipid mixture before hydration and sonication. For IL
labeling, 0.1 mol% of the respective C6NBD-analog from a
0.5 mM stock solution in ethanol was added to the liposomes
which were incubated for 30 min on ice to ensure complete
incorporation of the probe into the OL. Phospholipid ﬂip was ini-
tiated by incubation of the liposomes at 37 C. Aliquots of 25 ll
were put on ice to stop the ﬂip reaction after several time-inter-
vals. By incubating the samples with 500 ll of 16 mM ice-cold
aqueous sodium dithionite (DTN) solution for 10 min the NBD-
molecules were bleached in the OL. Immediately after bleaching,
ﬂuorescence measurements were performed in a 1-cm quartz
cuvette at 4 C using a Shimadzu RF-1501 Spectroﬂuorimeter
(Shimadzu Corp., Kyoto, Japan). Flip was quantiﬁed by comparing
NBD-ﬂuorescence before (F0) and after (Fx) bleaching according
to Eq. (1)
FFlip ¼ FxF0
 
ð1Þ
and normalized to the maximum amount of NBD-phospholipids
that can be incorporated into the IL using Eq. (2)
Flip ½% ¼ FFlip
FFlipð100Þ
 
 100% ð2Þ
where FFlip(100) is the ﬂuorescence ratio of liposomes whose inner
and OLs had both been labeled, determined before and after bleach-
ing with DTN. Thus, Flip [%] represents the maximum value of ﬂip
that could be reached if the probe initially added to the OL com-
pletely equilibrates between both membrane leaﬂets. The NBD ﬂuo-
rescence seen at 0 min incubation at 37 C was subtracted from all
ﬂuorescence values to correct for background. The rates of ﬂip [%/
min] were calculated by ﬁtting the ﬁrst 20 min of the kinetics by
a polynomial function and determining its ﬁrst derivative.
3. Results and discussion
3.1. Lipid ﬂip activity of SNARE TMD peptide mimics
We examined the ability to induce ﬂip of different ﬂuorescent
reporter lipids for synthetic peptides that mimic the TMDs of the
presynaptic Q-SNAREs syntaxin 1A (syx) and synaptobrevin 2
(syb) (Fig. 1B). In addition, two syb variants were tested (syb-mul-
tA, syb-L8) [10]. Previous Circular Dichroism spectroscopy experi-
ments had shown that these peptides are mainly a-helical in
liposomal membranes [16] and established the following rank
order of fusogenicity: syx  syb > syb-multA > syb-L8 [10].
Peptides were incorporated at a peptide/lipid (P/L) ratio 0.01
into the membranes of sonicated liposomes consisting of a mixture
of eggPC, DOPE, and DOPS at a 3:1:1 molar ratio as previously used
in fusion experiments [10]. Flip activity was determined using a
well-established assay employing the short-chain ﬂuorescent re-
porter lipids C6NBD-PC, C6NBD-PS, and C6NBD-PE. The initial rate
of reporter lipid ﬂip was determined after different incubation
periods at 37 C after chemically bleaching the NBD moiety within
the OL by dithionite. Since NBD lipids having translocated to the IL
are inaccessible to dithionite [17] the ﬂuorescence remaining after
bleaching serves to calculate ﬂip activity [18]. Fig. 2 summarizes
headgroup-speciﬁc ﬂip activity of all TMDs tested here. The kinet-
ics of ﬂip are shown in part A and the initial rates of the ﬂip reac-
tion are compared in part B. It is evident that the SNARE TMDs
exhibit signiﬁcant ﬂip activity which depends on the headgroup
of the reporter lipid and on primary structure of the TMDs. The
headgroup-speciﬁcity is reﬂected by a general trend where all
TMDs induce C6NBD-PC and C6NBD-PS ﬂip similarly well and tend
Fig. 2. Headgroup-speciﬁc ﬂip of C6NBD-PC (upper panels), C6NBD-PS (middle panels), and C6NBD-PE (lower panels). The percentage of ﬂip is expressed as the percentage of
the achievable maximum which is deﬁned by the random distribution of marker lipids over both membrane leaﬂets. (A) Lipid ﬂip kinetics as followed over 1 h. (B) Initial ﬂip
rates. Data are averages (±S.E.) from 3 to 4 experiments recorded at P/L = 0.0086–0.011. (C) DTN-bleaching of symmetrically NBD-labeled liposomes. Data are averages from 3
experiments.
Fig. 3. Impact of cholesterol on C6NBD-PC ﬂip (A) and liposome-liposome fusion (B)
as driven by syb or syx TMDs with and without inclusion of 20 or 40 mol%
cholesterol in the membrane. Background signals represent values recorded with
pure liposomes. Data averages (±S.E.) from 3 to 4 experiments recorded at P/
L = 0.0084–0.011.
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the mutants syb-multA and syb-L8 exhibit stronger C6NBD-PE ﬂip.
Peptide-free liposomes exhibit low-levels of background lipid ﬂip.
Thus, our results show that SNARE TMDs possess signiﬁcant
lipid ﬂip activity that depends on the nature of the reporter lipid
headgroup. No correspondence is seen between the ability to
induce ﬂip and fusogenicity; rather, both syb mutants that were
previously shown to be less fusogenic than the wild-type TMD
[10] induce equal or enhanced ﬂip.
3.2. Cholesterol sensitivity of TMD-mediated ﬂip and fusion
One way to assess whether lipid ﬂip is required for fusion is to
test how fusion responds to an inhibitor of ﬂip. Lipid ﬂop mediated
by model peptides has previously been shown to be strongly de-
pressed by cholesterol [19] that may inhibit lipid ﬂip–ﬂop by
increasing the packing density and hydrophobicity [20] of the acyl
chain region. Here, we compared the cholesterol-sensitivity of
SNARE TMD-mediated liposome fusion and C6NBD-PC ﬂip. Phos-
phatidylcholine is the major lipid in our liposomal membranes
and likely to be enriched within the OL due to its intrinsic positive
curvature [21]. Liposome fusion was detected by a standard ﬂuo-
rescence dequenching assay using similar P/L-ratios and the same
lipid composition as in the ﬂip assays. This assay is based on
decreasing ﬂuorescence resonance energy transfer between the
membrane-bound ﬂuorophores NBD-PE and Rh-PE upon fusion of
ﬂuorescence-labeled donor liposomes with unlabeled acceptor lip-
osomes containing the TMDs. Fig. 3 illustrates that replacing phos-
pholipids of the ternary mixture by 20 mol% cholesterol strongly
reduced C6NBD-PC ﬂip mediated by both wild-type TMDs to back-
ground levels. On the other hand, including 20 mol% cholesterol
had only a negligible effect on fusion and even 40 mol% cholesterol
inhibited it only partially. As the synaptic vesicle membranecontains 40 mol% cholesterol [22], it is unlikely that resident
synaptobrevin molecules drive signiﬁcant lipid ﬂip. The same holds
1024 M. Langer, D. Langosch / FEBS Letters 585 (2011) 1021–1024true for the plasma membrane where ﬂip–ﬂop would even be dan-
gerous as it would equilibrate the asymmetric lipid distribution
that is established by the action of ATP-dependent ﬂippases and
whose loss signals apoptosis [23].
4. Conclusion
Our data currently do not support a role for ﬂip in membrane
fusion although extrapolating from our model studies to the func-
tion of full-length fusogenic proteins in cellular membranes may
be difﬁcult. First, mutations that diminish fusogenicity exhibit
unaltered or even enhanced ﬂip activity. Second, cholesterol blocks
ﬂip much more efﬁciently than fusion. By which mechanism then
could the ratio of the IL to OL area change during membrane
fusion? It is conceivable that the area of the OL can be reduced
by acyl chain stretching, by compaction of headgroups interacting
with calcium [24], and/or by protein-independent ﬂip of choles-
terol in cellular membranes. Moreover, the OL area of a vesicle that
hemifuses to an uncurved cellular membrane may easily be buf-
fered by the large area of the latter’s OL. In addition, hemifusion
diaphragms may only occupy a small area and thus not even
require substantial changes in OL or IL areas as indicated by
electron tomographic images of ﬂask-shaped synaptic vesicles
docked to the active sites of presynaptic membranes [25].
One notable ﬁnding in this study is that SNARE TMDs support
substantial C6NBD-PC and C6NBD-PS ﬂip. This result is surprising
in light of results previously obtained by Killian and co-workers
using KALP model peptides that have hydrophobic cores of alter-
nating Leu and Ala residues ﬂanked by lysine residues. Floppase
activity of XALP TMDs dropped in the order C6NBD-PG > C6NBD-
PE C6NBD-PS and was undetectable for C6NBD-PC under any
condition [19]. The choline headgroup is inherently more difﬁcult
to translocate across the protein-free hydrophobic acyl chain re-
gion than ethanolamine or glycerol headgroups which has been as-
cribed to its larger size and hydration shell [26]; also, choline must
pass the membrane in a charged state while PE and PS may get un-
charged prior to bilayer passage. That SNARE TMDs can efﬁciently
translocate lipids with choline or serine headgroups points to
structural features not shared with the KALP peptides. Moreover,
this functional property may suggest that SNAREs could participate
in biogenic lipid ﬂip. ATP-independent biogenic ﬂip is required to
transfer newly synthesized lipids from their sites of synthesis at
the cytoplasmic leaﬂet of endoplasmic reticulum membranes to
the lumenal leaﬂet in order to balance the amount of lipid mole-
cules present in both leaﬂets [27,28]. Biogenic ﬂip does not display
lipid headgroup speciﬁcity [18]. Although proteins have experi-
mentally been shown to be required for ﬂip in native membranes,
the identity of the respective ﬂippase is still elusive. It has thus
been proposed that ﬂip may be catalyzed by a diversity of integral
proteins that possess ﬂip activity in addition to their other func-
tions [18,23,29]. Along these lines, the C6NBD-PC, C6NBD-PE, and
C6NBD-PS ﬂip activity of SNARE TMDs revealed by the present
study could be of biological relevance in the low-cholesterol mem-
brane of the endoplasmic reticulum.Acknowledgements
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